A Novel MRI-Based Approach to Peripheral
Refraction and Prediction of Myopia
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e PURPOSE: Optical solutions that create peripheral my-
opic defocus in the presence of a clear central image have
shown to be effective as myopia treatment. This study
investigates whether peripheral refraction measured via
MRI and ray tracing can predict myopia progression in
children.

e METHODS: A total of 1635 children from the Gener-
ation R Study, a population-based birth cohort in Rot-
terdam, the Netherlands, underwent T2 weighted MRI
scanning at age 9 years. At both ages 9 and 14 years,
ocular biometry, and cycloplegic autorefraction were as-
sessed. Retinal curvature radii were computed from MRI
segmentations using semi-automated, customized image
processing algorithms. Individual peripheral refraction
profiles were modelled through ray tracing. Horizon-
tal and vertical peripheral refraction was analysed at
50-degrees eccentricity. Relative peripheral refraction
(RPR) was calculated by subtracting peripheral refrac-
tion from central cycloplegic refraction. Yearly myopia
progression was calculated and stratified into quantiles
(AAL), and the effect of RPR on the quantile outcomes
was examined using ordinal regression analyses. Predic-
tive performance of RPR on development of myopia was
evaluated using ROC-analysis (fast vs slow progressors)
and a logistic regression (incident myopia).

e RESULTS: At age 9 years, 207/1635 (13%) children
had developed myopia. Myopic children had a signif-
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icantly more hyperopic RPR compared to emmetropic
children at all horizontal eccentricities (-1.8 & 1.8D vs.
0.2 &+ 2.1D) and vertical eccentricities (~1.0 &= 1.9D vs.
0.8 & 2.2D). Higher vertical (OR: 1.08, CI: 1.02-1.14)
and horizontal RPR (OR: 1.16, CI: 1.10-1.22) was asso-
ciated with faster AL progression. Each diopter increase
in vertical RPR (OR: 1.10, CI: 1.01-1.20) and hori-
zontal RPR (OR: 1.23, CI: 1.13-1.35) was associated
with an increased risk of incident myopia. ROC analysis
indicated that RPR had a maximum predictive AUC of
0.77 for identifying fast progressors. Furthermore, MRI
data revealed significant interindividual variations in reti-
nal curvature (SD 1 mm), which resulted in clinically
relevant peripheral refractive differences exceeding 8D
among children with similar axial length and central SE,
suggesting that standard defocus strategies may require
individualization.

* CONCLUSIONS: Using this novel approach to calculate
peripheral refraction, we provide evidence based on eye
shape that peripheral hyperopic refractive error is more
pronounced in myopic children and is strongly associ-
ated with myopia progression. The significant anatomi-
cal variability in retinal radii underscores the need for
personalized treatment strategies, which may enhance
the efficacy of optical interventions for myopia man-
agement. (Am ] Ophthalmol 2025;278: 239-249.
© 2025 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/))

INTRODUCTION

yopia prevalence is increasing globally, with pro-
jections estimating that by 2050, half of the world
population will be myopic and 10% highly my-
opic.!? Although similar trends are observed across differ-
ent ethnicities, the prevalence is currently the highest in
Asian people. In Europe, the prevalence of myopia is ap-
proximately 47% in young adults, whereas in Hong-Kong,
a prevalence of 61.5% is already reached at the age of 12. In
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Taiwan, the prevalence has even approached 86% in young
adults.’”

Measures that can be taken to prevent the development
of myopia or reduce progression can be grouped into 3 cate-
gories: (1) lifestyle interventions aimed to reduce near work
and increase outside exposure; (2) pharmacological inter-
ventions with atropine; and (3) optical interventions.’

Optical interventions are based on the concept that hy-
peropic peripheral defocus contributes to myopia, while my-
opic peripheral defocus may slow or prevent the trait. This
concept was first mentioned by Hoogerheide et al. in 1972,
though the interpretation of their findings was debated.’
Subsequent studies have confirmed that myopic children
have more hyperopic relative peripheral refraction (RPR)
compared to their peers.®? Based on this observation, opti-
cal interventions such as specialized spectacle and contact
lens designs aim to induce myopic defocus on the peripheral
retina while preserving clear central vision'® A recent study
suggested that some optical interventions have limited ef-
fects on RPR, possibly due to a reduction in peripheral reti-
nal contrast rather than a true shift in peripheral refrac-
tion.!! Similarly, several longitudinal studies in children did
not find a direct relationship between peripheral hyperopia
and increased risk of myopia or myopia progression.” >3

Most current studies determine peripheral refraction by
modifying auto-refraction, asking patients to gaze at an off-
axis fixation target. However, since auto-refractors are opti-
mized for central vision, their accuracy for peripheral mea-
surements is questionable. This method can be affected by
patient compliance issues and off-axis ocular optics, poten-
tially introducing measurement bias.'* !

An alternative approach to measurement of peripheral
refraction is ray tracing, which calculates light propagation
through models of the eye based on subject-specific anatom-
ical parameters.'® Ray tracing is widely used in refractive
surgery for design and selection of intraocular lens implants,
but is increasingly being applied to determine peripheral re-
fraction profiles.'”>> Unlike off-axis autorefractor methods,
ray tracing is not affected by fixation errors or optical dis-
tortions. However, its result relies on the anatomical cor-
rectness of the used eye models. This includes a anatomi-
cally correct retinal shapes, which are challenging to mea-
sure with conventional ophthalmic instruments.

Recent advances in magnetic resonance imaging (MRI)
now allow for quantification of retinal shape using stan-
dard clinical MRI-scans.'®?%% In this study, we integrate
subject-specific ray tracing with MRI to investigate the rela-
tionship between relative peripheral refraction and myopia
in children. Specifically, we aim to investigate the associa-
tion between peripheral refraction and changes in SER and
axial length growth.

METHODS
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e STUDY POPULATION: Participants were children from
the Generation R study, a population based prospective co-
hort study of pregnant woman and their children in Rotter-
dam, the Netherlands. The complete methodology for the
Generation R study has been described elsewhere.””>*" In
brief, children visited the research center for detailed ex-
aminations at approximately 4-year intervals. At the age
9 visit, a total of 5,862 participants attended, of whom
3,637 (62%) underwent both T2-weighted MRI scans of
the right- eye and ophthalmological examinations. Exclu-
sion criteria for the current analysis included poor-quality
MRI scans (N = 495), absence of cycloplegic refractive er-
ror measurements (N = 1322), absence of axial length mea-
surements (N = 161), and missing covariate data (N = 9).
This resulted in a final analysis sample of 1,635 participants
(Figure 1). Follow up ophthalmological examinations were
completed by 82% (1346/1635) of participants.

The Generation R study protocol was approved by the
Medical Ethical Committee of the Erasmus Medical Cen-
tre, Rotterdam (MEC 217.595/2002/20). All participants
provided written informed consent following the Declara-
tion of Helsinki to participate in the study and consent for
data collection from their treating physicians.

e OPHTHALMOLOGICAL EXAMINATIONS: Ophthalmo-
logical examinations were conducted at age 9 and 13 years
old. Ocular biometry measures were obtained using the
Zeiss IOL-master 500 (Carl Zeiss MEDITEC IOL-master,
Jena, Germany). Axial length (AL) was measured 5 times
and the mean axial length for the right eye was calculated.
Three keratometry measurements (K1 and K2) of the right
eye were averaged and used to calculate mean corneal
radius of curvature (CR). Automated cycloplegic autore-
fraction was performed using Retinomax-3 (Bon, Liibeck,
Germany). Cycloplegia was achieved by administering 2
drops of 1% cycloplentolate (3 drops in case of dark irises)
spaced 5 minutes apart at least 30 minutes before refractive
error measurement. Spherical equivalent (SE) refractive
error was calculated as the average sphere +1/2 cylinder.
Participants were grouped by refractive error categories
based on SE: emmetropia (—0.5D<SE<+2D), hyperopia
(SE>+2D), myopia (SE<-0.5D), high myopia (SE<-6D).
Yearly myopia progression (ASE or AAL) was calculated
by subtracting SE and AL at age 9 from SE and AL at age
13 divided by the number of years between the visits.

e MAGNETIC RESONANCE IMAGING AND RETINAL SHAPE
DETERMINATION: At 9 years old, participants underwent
a 3 Tesla brain MRI scan (Discovery 750, General Elec-
tric, Milwaukee, W1, USA) with an 8-channel receive-only
head coil.”” Of the 3637 acquired scans, 2963 (81.5%) were
of sufficient quality. Retinal and lens contours were auto-
matically segmented as described by Kneepkens et al.”® Us-
ing these segmentations, the horizontal and vertical retinal
radii of curvature and conic constant were computed using
an in-house developed python script (version 3.7.10). To
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FIGURE 1. Flow chart of study participants.

correct for a potential head tilt, the centres of the vitre-
ous of both eyes were used as reference points. The central
horizontal and vertical retinal contours were extracted, and
ellipses were fitted through the central 220 degrees of the
retina, as described by van Vught et al.'®>"3? (Figure 2A).

o PERSONALIZED RAY TRACING: Subject-specific ray trac-
ing simulations were performed in OpticStudio (version

20.3.2, Ansys inc.) using ZOSPy 1.1.2.7? A personalized eye
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model was created for each subject as described by Haasjes
et al.'® In brief, the anterior and posterior cornea curva-
tures of the Navarro wide-angle eye-model were adapted
based on keratometry measurements, while the anterior
chamber depth and axial length were obtained from biom-
etry.” The crystalline lens model was based on the av-
erage lens of a 9-year-old subject,’* with adjustments to
thickness, posterior radius of curvature, and asphericity to
match the subject’s cycloplegic refractive error. The retina
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FIGURE 2. A. 3D overlay of the segmented retinal structure (blue) on the MR-image, with an ellipse (red line) fitted through the
retinal contour based on the included data points (green dots). Excluded data points are shown in red; B. 3D representation of ray
tracing, demonstrating light paths through various points on the eye.

was modelled as biconic surface based on the ellipsoid fit
on the MRI-data as described above. The pupil diameter
was set to 3.0 mm and the wavelength was set to 589.3
nm.””?*’% The full methodology for generation personal-
ized eye models is publicly available at ZOSPy’s GitHub
repository.”’ Wavefront aberration profiles were obtained
for each eye through raytracing simulations, covering vi-
sual field angles up to 55 degrees in both the horizontal and
vertical direction in steps of 1 degree. (Figure 2B) These
profiles were subsequently converted to spherical equiva-
lent of refraction (SE)". (Figure 3) Horizontal and ver-
tical peripheral refraction were calculated at 50 degrees
eccentricity. Conventional peripheral refraction measure-
ments have been limited to a maximum of 30 degrees due
to optical constraints; however, our MRI-based method al-
lowed for more peripheral assessments.'* To facilitate com-
parison with the literature, results at 30 degrees have been
included in the Supplementary Material. (Supplementary
Table 2) Relative peripheral refraction (RPR) was calcu-
lated by subtracting central SE from central cycloplegic
SE.

e COVARIATES: Birth weight was obtained from medical
records and hospital registries. At age 9, measurements of
head circumference were taken, as well as body height and
weight without shoes. Country of birth of the mother and
father were determined via a questionnaire and used as a
proxy for ethnicity, following methodology developed by
Statistic Netherlands.’® Ethnicity was categorized as Euro-
pean and Non-European.

e STATISTICAL ANALYSES: Comparisons between refrac-
tive error groups were conducted using Student’s unpaired
t-test, one-way ANOVA, or chi square test as appropri-
ate. For analyses involving more than 2 groups, post hoc
comparisons were performed using Tukey’s test. A cor-
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relation matrix was constructed to assess the relation-
ships between RPR, retinal curvature, age, sex, AL, birth
weight, ethnicity, body height, head circumference, weight,
and BMI (Supplementary Figure 1). To account for mul-
tiple comparisons, a Bonferroni correction was applied.
The relationship between baseline axial length and reti-
nal radius of curvature was further explored by plot-
ting these variables against each other and stratifying
them by axial length progression quartiles (Supplementary
Figure 2).

The association between RPR and AL was analyzed us-
ing a linear regression model corrected for age, sex, birth
weight, body height, head circumference, ethnicity, and
both the vertical and horizontal retinal radius of curva-
ture. To investigate the association between RPR and my-
opia progression (ASE and AAL), linear regression was
considered unsuitable as residuals were not normally dis-
tributed. Instead, progression rate was categorized into
quantiles, and ordinal regression analysis was used correct-
ing for gender, age, sex, ethnicity, axial length, and reti-
nal curvature as vertical and horizontal retinal radius. The
association between RPR and incident myopia was ex-
amined in participants who were non-myopic at baseline
(N = 968) using a logistic regression model corrected for
time between visits, gender, age, sex, ethnicity, axial length,
and retinal curvature as vertical and horizontal retinal
radius.

Lastly, Receiver Operating Characteristic (ROC) curve
analysis was performed to assess the predictive value of
RPR for myopia progression.’” Logistic regression models
were constructed to compare progression subgroups based
on axial elongation quartiles, with Area Under the Curve
(AUCQC) values calculated for different models specification:
Model 1, Baseline axial length only without confounding
variables; Model 2, RPR only; Model 3, Baseline RPR and
AL; Model 4, All of the above, plus age, sex, ethnicity and
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FIGURE 3. A. Peripheral refraction and relative peripheral refraction across eccentricities from 0 to 50 degrees for 2 emmetropes
with similar AL but different retinal curvature; B. Group-wise analysis of relative peripheral refraction stratified by refractive error
categories, showing the distribution for emmetropia, hyperopia, and myopia. Shaded regions represent the 95% CI.

retinal curvature as potential confounders. To assess mul-
ticollinearity, the Variance Inflation Factor (VIF) was cal-
culated for each model, with a values above 4 considered
indicative of excessive collinearity. *°

RESULTS

e DEMOGRAPHICS: A total of 1,635 participants (mean
age: 9.9 £ 0.4 years) were included in the analysis
(Figure 1). Of these, 52% were female, and 70% were of
European ancestry. The distribution of refractive error was
as follows: 8% (123/1635) hyperopia, 77% (1254/1635) em-
metropia, and 16% (258/1635) myopia. Mean SE was 0.6 &
1.3 D and mean axial length was 23.1 £ 0.8 mm. Average
corneal radius was 7.8 & 0.2mm; average retinal radius was
13.7 &+ 1.1mm horizontally and 13.5 &= 1.Imm vertically.
Participants excluded from the analysis due to missing co-
variates were older than those included (10.3 £ 0.7 vs. 9.9
=+ 0.4 yrs., P < .001), and slightly less likely to be of Euro-
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pean ancestry (65% vs. 70%, P = .05). No other significant
differences were found. (Table 1).

e PERIPHERAL REFRACTION PROFILE: Peripheral refrac-
tion profiles were compared between hyperopic, em-
metropic, and myopic participants (Table 2). Both em-
metropes (P = .006) and hyperopes (P = .008) had a sig-
nificantly smaller horizontal retinal radius compared to my-
opes, whereas vertical retinal radius did not differ signif-
icantly between groups. Peripheral refractive error (PRE)
at 50° eccentricity was significantly lower in myopes com-
pared to emmetropes and hyperopes. Horizontal PRE was
—-1.5 £+ 2.1 D in myopes, significantly lower than -0.2 +
1.9 D in hyperopes (P < .001) and 0.8 £ 1.7 D in em-
metropes (P < .001). Similar results were found for vertical
PRE. Conversely, relative peripheral refraction (RPR) was
more hyperopic in myopes; horizontal RPR was 0.2 D in
myopes, significantly more hyperopic than —-3.1 D in hyper-
opes (P < .001) and -1.6 D in emmetropes (P < .001). Sim-
ilar results were found for vertical RPR (Table 2). Further
stratification into smaller SE groups revealed that lower SE
was associated with higher RPR (Figure 4). Comparable but
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TABLE 1. Baseline Demographics of Study Population Compared to Those Excluded From Analysis

Baseline Characteristics

Study Population

Excluded Participants

(N = 1635) (N = 1492)

Mean age, years 99+04 10.3 £ 0.7**
Girl (%) 52% (847) 50% (748)
European (%) 70%(1150) 65% (968)*
Refractive Error category (%) (N = 170)

Hyperopic (SE>+2D) 8% (123) 7% (12)
Emmetropic (-0.5D<SE<+2D) 77% (1254) 77% (131)

Myopic (SE<-0.5D) 16% (258) 16% (27)
Spherical equivalent (D) 0.6+ 13D 06+13D
Axial length (mm) 23.1 £ 0.8 mm 23.1 £ 0.9 mm
Corneal radius 7.8 £ 0.2mm 7.8 £ 0.3mm
Retinal radius horizontal 13.7 £ 1.1mm 13.8 £ 1.1mm
Retinal radius vertical 13.5+ 1.1mm 13.5 + 1.2mm

*P < .05.

**P < .001.

TABLE 2. Peripheral Refractive (PRE) Measures and Relative Peripheral Refraction (RPR) Compared Between Hyperopes,
Emmetropes and Myopes.

Peripheral Refractive Error grouped by Refractive Error Categories

Hyperopes Emmetropes Myopes

(N =123) (N = 1254) (N = 258)
Axial length 22.3 + 0.7 mm** 23.4 + 0.7 mm** 244 + 1.0 mm
Corneal radius 78 + 0.2 mm 7.8 + 0.3 mm* 77 £ 0.3 mm
Horizontal Retinal radius 13.9 + 1.2mm* 13.8 + 1.0 mm* 13.5+ 1.1 mm
Vertical Retinal radius 13.5+ 1.1mm 13.5+ 1.1 mm 13.5+ 1.1 mm
Horizontal PRE 50° -0.2 + 1.9 D* -0.8 + 1.6 D** -1.5+21D
Vertical PRE 50 ° 0.7 £ 1.7 D™ -0.0 + 1.8 D** -10+21D
Horizontal RPR 50 ° -3.0 £ 1.9 D** —-1.6 + 1.7 D** 01+£21D
Vertical RPR 50 ° —-2.2+ 1.8 D* -0.9 + 1.8 D** 06+22D

Significance testing was performed using ANOVA with post hoc Tukey analysis comparing Hyperopes and emmetropes to myopes.

*P < .05.
**P < .001.
. 8
5 3 ﬁ i
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s} = B3 <6
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FIGURE 4. Relative peripheral refraction (RPR) at 50° eccentricity grouped by central spherical equivalent.
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smaller differences were observed at 30° eccentricity (Sup-
plementary Figure 3 & Supplementary Table 1).

e FEATURES ASSOCIATED WITH RELATIVE PERIPHERAL
REFRACTION: Regression analysis was conducted for RPR
at 50° eccentricity, where the largest differences between
groups were found. Results for other eccentricities are pro-
vided in Supplementary Table 2. Multivariate linear re-
gression analysis revealed that both horizontal and vertical
RPR were significantly associated with AL (8:0.79D/mm,
P < .001; B:0.95 D/mm, P < .001), birth weight (B:-
0.16D/kg, P : .003; B:-0.18D/kg,P < .001), and horizon-
tal retinal radius of curvature (B:-1.42D/mm, P < .001; B:-
0.17D/mm, P < .001). In contrast, vertical retinal radius
of curvature was significantly associated only with verti-
cal RPR (8:-1.28D/mm, P < .001). With respect to mul-
ticollinearity, all predictor variables had VIF values below
the common threshold of 4, indicating that this was not a
concern.

e MYOPIA PROGRESSION: Follow-up ophthalmological
data were available for 82% of participants (1346/1635)
and were used to assess myopia progression.. Fast progressors
(FP; highest quartile) progressed on average 0.21 (range:
0.13-0.50) mm/year, whereas slow progressors (SP; slowest
quartile) progressed on average 0.04 (range: —0.19 to 0.06)
mm/year. At baseline, fast progressors had a higher AL
(23.40 4+ 0.84 mm vs. 22.92 4+ 0.80 mm, P < .001), lower
spherical equivalent (SE) (-0.26 £ 1.54 vs. 1.00 & 1.30,
P < .001), higher horizontal RPR (-0.61 = 2.01 vs. —-1.65
+ 1.75, P < .001), and higher vertical RPR (-0.10 + 2.12
vs. —0.79 + 1.85, P < .001). (Figure 5) Additionally, fast
progressors were more often female (58.46% vs 48.07%,
P = .003) and of non-European ancestry (34% vs 21%,
P = .004) (Table 3).
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Ordinal regression, corrected for baseline AL, baseline
refractive error category, ethnicity, sex, age, horizontal and
vertical retinal curvature, revealed that faster AL progres-
sion was associated with higher horizontal RPR (OR: 1.27,
ClI: 1.16-1.41) and vertical RPR (OR: 1.35, CI: 1.24-1.47).
Faster SE progression showed a similar yet weaker asso-
ciation (horizontal RPR:OR: 1.14, CI: 1.04-1.25; verti-
cal RPR: OR: 1.12, CI: 1.02-1.22). A sensitivity analy-
sis limited to participants with refractive errors between
+0.5 and 0.5 diopters confirmed similar findings to the
full cohort (horizontal RPR:OR: 1.18, CI: 1.04-1.34; ver-
tical RPR: OR: 1.08, CI: 1.02-1.14). For the ROC analy-
sis, we compared children in the highest and lowest quar-
tiles of axial elongation, as this captures the most pro-
nounced difference in progression. Additional comparisons
across broader groupings (e.g., Q4 vs. Q1-Q3 and Q3 + Q4
vs. Q1 + Q2) are presented in the Supplementary Ma-
terial.(Supplementary Figure 4). A univariate model with
RPR (AUC = 0.66) had comparable predictive value to
a model with baseline AL alone (AUC = 0.67). Combin-
ing RPR and AL increased the predictive value (AUC 0.67
vs. AUC 0.71). Adding covariates sex, age ethnicity and
retinal curvature further increased predictive value (AUC
0.77).The predictive value of horizontal RPR was slightly
higher than that of vertical RPR (Figure 6).

o INCIDENT MYOPIA: Of 962 children without myopia at
baseline, 214 (22.2%) developed incident myopia between
ages 9 and 14 years. Logistic regression, adjusted for follow
up time, age, sex, ethnicity, retinal curvature and baseline
AL, indicated a significantly increased risk of incident my-
opia for each diopter increase in horizontal RPR (OR: 1.40,
CI: 1.21-1.64) and vertical RPR (OR: 1.29, CI: 1.12-1.50).
Other factors that increased the risk of developing myopia
were female gender (OR:1.89, CI:1.34-2.68) and longer ax-
ial length (mm) (OR:1.67, CI:1.28-2.19). AUC for inci-
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TABLE 3. Myopia Progression Quartile Demographics.

Quartiles of Axial Length Progression

Q1 (N = 337) Q2 (N = 336) Q3 (N = 336) Q4 (N = 337)
Mean age, years 9.93 £+ 0.41 9.88 £+ 0.31 9.94 £ 0.40 9.92 £ 0.40
Girl (%) 48.07% (162) 50.00%(168) 52.08%(175) 58.46%(197)*
European (%) 79% (266) 71% (240) 74 % (249) 66% (222)*
AAL (mm/year) 0.04 + 0.02 0.07 &+ 0.01** 0.11 £ 0.01** 0.21 + 0.07*
ASE (D/year) —-0.07 + 0.30 -0.13 £ 0.28* -0.17 £ 0.30** —0.34 + 0.25*
Spherical equivalent (D) 1.00 + 1.30 1.04 £ 0.89 0.78 + 1.08* —0.26 + 1.54**
Axial length (mm) 22.92 + 0.80 22.96 +£0.72 23.09 + 0.74* 23.40 £ 0.84 **
Horizontal RPR 50 -1.65 + 1.75 -1.86 + 1.76 -1.73 £ 1.98 —0.61 £ 2.01**
Vertical RPR 50 -0.79 £ 1.85 -1.03 + 1.86 —-1.06 + 1.92 —0.10 + 2.12*

Significance testing was done using ANOVA with post hoc tukey analysis comparing measure to Q1 or Chi square test.

*P < .05.
**P < .001.
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FIGURE 6. ROC curve for prediction of fast axial length progressors based on baseline RPR. Model 1: AL; Model 2: RPR; Model
3: AL+RPR; Model 4: Model 3 +retinal curvature+ age+ sex+ ethnicity; Model 5: vertical RPR+ covariates.

dent myopia was 0.67 for horizontal RPR and 0.66 for ver-
tical RPR.

DISCUSSION

This study used an innovative design to investigate the re-
lationships between peripheral refraction profiles, myopia
progression, and incident myopia in a large cohort of chil-
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dren as they were followed from ages 9 to 13 years. We
generated individualized peripheral refractive error profiles
by combining ray-tracing simulations with an MRI-based
personalized eye model. Our findings not only demonstrate
the feasibility of using ray tracing for large-scale myopia re-
search but also provide evidence that both vertical and hor-
izontal relative peripheral refraction (RPR) are significantly
associated with faster AL progression and a higher risk of
incident myopia. Moreover, the predictive value of RPR is
comparable to that of AL, and combining these measures
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improves predictive accuracy. Our results reinforce the crit-
ical role of peripheral refraction in myopia progression, con-
firming its potential as target for intervention.

The MRI data revealed significant variation in both
horizontal and vertical retinal radii with SD 1 mm.
This anatomical difference resulted in clinically rele-
vant variations in peripheral refraction, exceeding 8D
between children with similar axial length and cen-
tral SE. (Figure 3) This finding highlights that axial
length and central SE alone are insufficient to deter-
mine whether a subject has a hyperopic or myopic RPR.
Most optical interventions employ a standardized positive-
powered defocus zone based on central refractive error.'’
However, our data suggest that defocus strategies may
need to be individualized to optimize treatment out-
comes. The anatomical variability in retinal curvature may
explain the inconsistent results of optical intervention
studies.

Our finding that myopic children exhibit more hyper-
opic relative peripheral refraction is consistent with pre-
vious studies on this topic.®>” However, these studies had
not provided longitudinal evidence that peripheral hyper-
opia accelerates myopia progression or increases the like-
lihood of developing myopia.”'?"> Most studies typically
measure peripheral refractive error by an autorefractor us-
ing a peripheral fixation target or a rotating arm around
an axis passing through the eye’s center-of- rotation, meth-
ods that present challenges and must be interpreted with
caution.'* Atchinson and Rozema emphasized the need
to consider retinal shape, corneal curvature, axial length,
and lens shape for an accurate assessment of peripheral
refractive error.'* To address these factors, we integrated
MRI-derived retinal shape data with measurements of axial
length, corneal curvature, and spherical equivalent to cre-
ate personalized eye-models. An autorefractor, as it is a de-
vice developed to perform on-axis measurements, can only
estimate refractions at maximum 30°eccentricity. Our ap-
proach provides a continuous range of eccentricities and
enables measurements far beyond 30°. Our data reveal that
differences in RPR between refractive error groups become
more pronounced at high eccentricities. Furthermore, RPR
at high eccentricities was more strongly associated with my-
opia progression, underscoring the importance of incorpo-
rating a large part of retinal anatomy when studying or tar-
geting peripheral refraction.

Clinically, the results reflect on the effect of optical in-
terventions, such as orthokeratology, multifocal spectacle
lenses, dual-focus and multi-focus contact lenses and, more
recently, spectacles with DIMS, HALT, and DOT design.
These interventions have demonstrated significant efficacy
in prevention of myopia and its progression by altering pe-
ripheral refraction.'®*! A common feature among them is
their ability to induce a relative peripheral myopic defocus
while maintaining optimal central correction.*’** How-
ever, in a living systematic review from Lawrenson et al.
uncertainty of sustained effects was an important conclu-
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sion, confirming the need for more and longer studies tar-
geting RPR.*! The proposed ray tracing techniques offer a
novel way to assess the effect of these optical interventions
on the retina at the individual level. By tracing the paths
of light through different lenses and eye structures, this ap-
proach can predict how optical interventions may alter de-
focus in the periphery. Furthermore, by incorporating a per-
son’s retinal shape into the analysis, ray tracing may provide
a more precise prediction of how these interventions slow
down myopic growth.

e STRENGTHS AND LIMITATIONS: This study has some
important strengths. First, the use of ray tracing overcomes
many pitfalls that are encountered by commonly used mea-
sures of peripheral refraction.'* Notably, this is the first
study to apply ray tracing in a large cohort of children, chil-
dren who were at a very susceptible age for developing my-
opia. Additionally, our approach allowed for the analysis of
both the horizontal and the vertical meridian, as well as
eccentricities in the far periphery. Second, the use of lon-
gitudinal data enabled us to track changes over time and
identify prognostic factors associated with eye growth. De-
spite these strengths, the study does have some limitations.
The MRI scans used had an isotropic resolution of 1 mm,
potentially affecting the precision of retinal measurements.
However, by fitting ellipses through data points obtained
from multiple voxels, we partially mitigated this limitation.
The correlation between axial length measured by IOL mas-
ter and vitreous chamber depth measured by MRI was 0.86,
indicating strong agreement.’® The remaining imprecision
is independent of retinal geometry or refractive error of the
study participant; therefore, it is not likely to have intro-
duced bias and affect comparisons between groups. Another
limitation is that the RPR measurements cannot be vali-
dated against other methods as data for comparison are not
available. Nevertheless, ray tracing methodology is well-
established in refractive surgery, which supports its relia-
bility.!” Lastly, as most cohorts, our study had fixed times
between visits, limiting our ability to determine the exact
time of myopia onset.

CONCLUSION

Using advanced ray tracing techniques in a large longi-
tudinal cohort of children, this study provides strong evi-
dence for the role of RPR in myopia progression. We found
that higher RPR is strongly associated with both faster axial
length growth and increased risk of developing myopia. We
also found a high variability of RPR between individuals,
which may be of importance for optical interventions aimed
at reducing myopia progression. While validation against
standard clinical measurements is awaited, our findings af-
firm the relevance of RPR in predicting myopia progression
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and can guide future efforts in developing targeted thera-
pies.
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